We demonstrate an electrolyte-gated hybrid nanoparticle/organic synapstor (synapse-transistor, termed EGOS) that exhibits short-term plasticity as biological synapses. The response of EGOS makes it suitable to be interfaced with neurons:
INTRODUCTION
There is a growing interest to emerging or alternative logic architectures beyond the Boolean architecture based on silicon CMOS technology (see a review in Ref.
[1]). In this context, the organic synapse transistor (termed synapstor) has been initially designed and studied [2, 3] as the basic element for neuro-inspired computing architectures (namely artificial neural networks). These devices are based on the trapping/detrapping of charges by an ensemble of gold nanoparticles (NPs) placed at the gate dielectric/organic semiconductor (OSC) interface. The presence of NPs embedded in the OSC at the interface with the gate dielectric confers memory effects in a single transistor. For this reason, this device was also named Nanoparticle Organic Memory Field-Effect Transistor (NOMFET). [2, 3] Organic synapstor mimics the two main synaptic plasticity behaviors of biological spiking synapses [2, 3] : STP -Short Term Plasticity -and STDP -Spike Timing Dependent Plasticity. STP is characterized by the fact that the output signal of the synapse decreases with the number of spikes (depressing behavior) for spikes at the highest frequencies of operation, whereas a facilitating behavior (increase of the output signal with the number of pulses) is observed for the lowest operational frequency. The synaptic weight (i.e. the signal transmission efficiency) of the biological synapse is tuned by the density of input spikes (frequency coding of information). Depending on the frequency of a sequence of input spike voltages with respect to the typical charging/discharging dynamics of the NPs in the OSC ! 3 channel, we demonstrated that the output drain current of the synapstor can be also modulated by the frequency of the input spikes. [2, 4] Thus, the transconductance of the organic synapstor mimics the STP behavior of the synapse. Recently, we have reported that organic synapstors can be optimized to work with low voltage spikes (1V), with a typical response time of about 100 ms and a low energy dissipation of about 2 nJ/spike. [5] In the field of bioelectronics, organic transistors like electrolyte-gated organic field effect transistor (EGOFET ) [6] [7] [8] [9] [10] [11] [12] and Organic Electro-Chemical Transistor (OECT) [13] [14] [15] [16] have been interfaced with neuronal cells for biochemical signal recording and transduction of bio-electrical signals from cells and tissues. [17] [18] [19] [20] [21] [22] [23] [24] Synaptic behavior (STP) has also recently been demonstrated for OECTs made with PEDOT:PSS films with a quite different principle since this STP behavior is driven by the dynamics of ions diffusion between the electrolyte and the PEDOT:PSS layer. [25, 26] In this paper, we demonstrate electrolyte-gated organic synapstor (EGOS) with performances suitable to be interfaced to neurons. STP is demonstrated at spike voltage as low as 50 mV (in a par with the amplitude of action potential in neurons) and with a dynamic response down to tens milliseconds. We report the adhesion of Human Neuroblastoma cells (SH-SY5Y) and their differentiation into neurons on top of the EGOS. We demonstrate that EGOS STP is not altered throughout the cell growth and differentiation protocol. Interfacing neural cells to EGOS is attractive for synapse prosthesis application because the device could ! 4 mediate the signal transmission between adjacent cells that are not connected through synapses. In this sense, the device might replace a chemical synapsis with an electronic synapsis gated by a frequency dependent input supplied by the action potential of the transmitting neuron. water, see details in section "Methods". Noticeably, EGOS displays field-effect below 0.8V due to the high capacitive coupling between the OSC and the electrolyte, whereas the organic synapstor operating in air requires few tens V. We limited the voltage range below 0.8 V to avoid water electrolysis and faradaic current. These characteristics are similar to the ones already reported for electrolyte gated organic field effect transistor (EGOFET), [10, 11, 20, 27, 28] that consists of the same device structure as EGOS without the NPs embedded in the pentacene film. From the transfer ID-VG curves in the saturation regime (not shown), we extracted the hole mobility for the EGOS assuming a gate-voltage independent double layer capacitance CDL of 14 μF/cm 2 as measured for
RESULTS AND DISCUSSION

EGOS without neurons
pentacene EGOFET with a similar saline aqueous solution. [12] We obtain μEGOS ≈ 1-5x10 -4 cm 2 /V.s for devices with L between 1 and 50 μm (see Fig. S5 of SI). The hole mobility for the same device operated in air with the bottom silicon gate is 10 -2 -10 -1 cm 2 /Vs, as already reported for these organic synapstors. [5] This decrease of the hole mobility for EGOFET has already been observed. [20, 29, 30] A possible explanation was suggested [11] and related to the fact that the charge carrier channel is compressed at the surface of the organic semiconductor, i.e. at the interface with the electrolyte, due to the increased capacitance coupling in electrolyte-gated devices. Thus, the charge transport is more sensitive to surface defects and roughness. This strong decrease of the mobility is consistent with the fact that for the pentacene thickness used here (40 nm equivalent to a nominal coverage of about 25 MLs) the pentacene surface is quite rough due to the presence of NPs which induce pentacene films with a disordered morphology (the rms roughness is ca. 15 nm for the pentacene with NPs, it is ca. 8 nm for P5 alone, see AFM images in Refs. [2] and [5] also Fig. S6 in SI) . This more disordered pentacene film in EGOS is also due to the layer to island growth transition of pentacene that occurs above a few monolayers. [5] For the EGOS on quartz (Fig. 1-c) , we get an even lower mobility 0.7-2.0x10 -4 cm 2 /Vs but with a larger dispersion (some of the devices exhibit charge mobility as high as 1-3x10 -3 cm 2 /Vs). observe the facilitating (increase of output ID spikes) and depressing (decrease of output ID spikes) behaviors when changing the frequency of the input spikes, as observed for a biological synapse. [31] A typical response of the corresponding NOMFET device in air (bottom silicon gate) is shown for comparison in Fig. 2-b in agreement with Ref. [5] . The main result is that almost the same STP behavior is observed for the EGOS at lower spike amplitudes (here Vp = -50 mV) compared to the organic synapstor operated in air (here Vp=-1V). The STP response of organic synapstor is characterized by the charge/discharge time constant of the NPs embedded in the pentacene film. [2] [3] [4] This time constant is obtained by fitting EGOFETs (without NPs) of the same size and same ionic strength of the electrolyte. [12] For EGOS on quartz, the device exhibits STP at lower frequencies EGOS on quartz, 1 μm for EGOS on Si/SiO2, the STP time constant increasing with channel length as reported elsewhere [2] ). In both cases (namely EGOSs on Si/ SiO2 and on quartz substrates), the density of NPs (see Figs. S1 and S3 in SI) is similar (1-5x10 10 NPs/cm 2 ).
The characterization of the synaptic-like STP behavior of the EGOS has been further extended by systematically varying the spike amplitude Vp. Figure 3 shows the variation of the STP amplitude ΔI/I vs Vp (in abs. value) for EGOS (only on Si/SiO2 substrates) and the synapstor operated in air (ΔI is the maximum drain current variation during a complete spike sequence, and I the average current for the complete sequence). For devices shown in Figs. 2-a and 2-b, ΔI/I is 0.32 (EGOS, Vp=-50mV) and 0.28 (organic synapstor in air, Vp=-1V). We observed that for the standard organic synapstor in air, the STP amplitude ΔI/I is increased with the amplitude of the input spikes. This is explained by the fact that the output drain current variation is dependent on the amount of charges stored in the NPs. In a model detailed in Refs [2, 3] the STP behavior of our devices is related to charge and discharge of carriers by the NPs embedded in the organic semiconductor layer and characterized by a typical charge/discharge time constant. When the period of the applied spikes is lower (higher, respectively) than this time constant, the device shows the depressing behavior (facilitating behavior, respectively). The output current is thus directly modulated by the amount of charges trapped in the NPs (Coulomb effect). This amount of trapped charges, QNP, in the NPs depends on the applied voltage pulse on the gate, VG,
through their capacitance C : QNP = CNP VG. Thus, the STP amplitude of the output current is expected to increase with the spike amplitude, as detailed in Ref.
[3] (Eqs. S8 and S9 in SI of Ref. [3] ). These equations resumes as ID=gD0 exp(-γCNPVG) VD, with ID the drain current (output), VD and VG are the drain and source voltages, gD0 the output conductance with no charge in the NPs, CNP the capacitance of the NPs and γ a constant (see Ref. [3] ). This equation (for a single pulse on the gate) indicates that the drain current variations (related to the STP amplitude) are larger when increasing voltage (spike on the gate). Note that the experiments reported in Fig. 3 are more complicated since we applied a train of spikes and not a single pulse but the tendencies are captured as also shown by a more detailed modelization in Ref. [3] . Extrapolation below pulse voltage of 1V predicts the STP amplitude to be very weak (as shown Fig. 3 ) for synapstor in air.
However, we demonstrate experimentally that EGOSs are still working with spike amplitude down to 50 mV with a STP amplitude ΔI/I up to 0.3.
EGOS interfaced with neurons.
According to the protocol described in section "Methods" and in the supporting information, Human neuroblastoma stem cells SH-SY5Y and NE-4C have been adhered, grown and differentiated into neurons on top of EGOSs. Every biological experiments were performed in parallel with reference samples, such as polystyrene petri dish and bare quartz substrates (data not shown). Firstly, in-vitro biocompatibility of pentacene/NPs has been assessed for both cell lines. In
particular, these cells have been grown on bare quartz and test pattern (interdigitated Au electrodes), both coated with 15 nm of pentacene on NPs (see Fig. 4 ). On the bare quartz (Figs. 4a and 4b ), SH-SY5Y shows a wider and denser network than NE-4C. The same result has been obtained on test patterns (see Figs. 4c and d), i.e. SH-SY5Y coverage on the interdigitated electrodes is greater than that of NE-4C. In order to maximize the surface coverage of the cells we decided to use only SH-SY5Y cells for the electrical measurements. Figure 5 shows the optical images of the SH-SY5Y growth on EGOS at different days of the incubation. These images show the correct growth of a neuron network after 6-7 days. It is known that cells are extremely sensitive to their surroundings. As a result, their cytoskeletal organization, shape, motility and fate can be affected upon deposition on a solid substrate. We note that these results are similar as those already reported for pentacene EGOFET. [20, 32] This implies that the presence of the Au NPs embedded in the organic layer is not detrimental for the neuronal cell growth, albeit the hybrid NP/pentacene layer is rougher than the pentacene alone, with smaller pentacene grains as evidenced by AFM images (Fig. S6 in SI) . [5] Although the interdigitated electrodes represent a relevant change of topography, still a substantial density of cells is present on the active area of the EGOSs. Immuno-fluorescence imaging of SH-SY5Y after staining of specific probes (Fig. 6 ) on the interdigitated electrodes shows the successful differentiation of SH-SY5Y cells into a neuronal phenotype (i.e. positivity to β-III Tubulin and MAP2). Fig. 6b) indicates the nuclei of the cells. These results show that EGOS are biocompatible substrates towards these cells. Figures 4-6 illustrate quantitatively that the cells adhere to the surface, they grow and cover almost to confluence the electrodes in seven days, and they are differentiated into neurons. We have not carried out, in this case, a quantitative analysis, as this was reported in previous papers. [20, 32] The electrical response of EGOS has been monitored before and after cell growth. Figure 7 shows the STP response of two devices recorded at different times during the cell growth. In these experiments, we have used a series of spike at the lowest frequencies (0.5Hz, 5Hz, 1Hz, 0.5Hz and 2Hz, spike width 100 ms) because of the lower mobility previously measured (see above and Fig. 2-c We also note that the observed dynamics in these experiments is solely due to the EGOFETs. [20] 
CONCLUSION
In conclusion, we have shown that electrolyte-gated organic synapstor (EGOS) mimics the synapse plasticity (STP, short-term plasticity) at spike voltage as low as 50 mV and with a dynamic response in the range of few tens of ms (EGOS on Si/SiO2 substrate). While this spike amplitude is on a par with the amplitude of the intracellular action potential, it is about 2 orders of magnitude smaller than the amplitude of the extracellular potential (few hundreds μV). We also reported the adhesion of stem cells and their differentiation into neurons on top of these hybrid nanoparticle/organic semiconductor devices fabricated on quartz substrate, and have demonstrated that STP of the EGOS is not strongly altered upon the cell growth and differentiation. This feature implies that the neurons are weakly coupled to EGOS. With the fact that the spike amplitude required to drive the EGOSs is lower than the extracellular action potential, these features may lead to the conclusion that it would be difficult to trigger the EGOS from the neuron signal. However, it was previously observed that synchronized action by a neuronal population is able to trigger a sizable change in EGOFETs made with the ! 12 same architecture (without nanoparticles though). [20] Experiments with the cells triggering the EGOS are out of the scope of this report. Moreover, other EGOS characteristics should be more influenced by the neurons. For instance, it is known that the low frequency noise of the transistor is correlated to the number of viable cells anchored to the device. In silicon FETs [33] and OFETs, [34] the noise power spectral density is colored in the presence of viable cells, while it become 1/f when cells are either dead or absent. Also changes in power spectral density of OECTs in contact with living central nervous system tissue have been reported. [21] Whether also the STP response of EGOS will be affected by the viability (dead or alive) of cells would be possibly a subject of further investigations.
METHODS
EGOS on Si/SiO2 substrates. The EGOSs were fabricated according to a process already described. [2, 3, 5] In brief, for measurements in air we used a bottom-gate electrode configuration with the gate electrode consisting of a highly-doped (resistivity ∼10 -3 Ω.cm) n-type silicon wafer covered with a thermally-grown, 200 nm thick, silicon dioxide. We fabricated specific test patterns (channel length L=1 to 50 μm and width W=1000 μm) for electrical measurements in liquid with contact pads far from the electrodes (Fig. S1, see supporting information ). Au NPs (10 ± 1 nm in diameter) were deposited on the substrate with a density of about 1-5x10 10 NP/cm 2 (supporting information, Fig. S1 ) followed by the thermal This ionic strength was chosen to be similar to physiological conditions. EGOS on quartz substrate. For measurements with neuron cells, we fabricated EGOS on quartz (Fig. S2, supporting information) , a transparent substrate being required for optical inspection of the deposition and adhesion of the stem cells and their differentiation into neurons. The layout geometry features channel length (L) of 15 µm and a channel width (W) close to 40000 µm. As a result, the geometrical ratio (W/L) is around 2600. Fabrication of EGOS onto these substrates followed the above-described protocol (see SI).
STP measurements.
For the STP measurements, we used the EGOS as a twoterminal device. The source (S) and gate (G) electrodes were connected together and used as the input terminal of the device, while the drain (D) was used as the output terminal. Sequences of spikes with amplitude Vp < 0, duration(1-100 ms) ! 14 and different frequencies were applied at the G/S input and the output drain current measured.
Cell medium confinement and protocol for neurons growth. Aiming at the electrical characterization of these devices during the cell growth, a system capable of confining cell medium on top of the interdigitated Au contacts while allowing at the same time optical microscopy to inspect cell growth and behavior is required. To this end we fixed the device on a metal plate with an opening below the interdigitated electrode area to permit access by an inverted microscope. The cell culture medium was contained in a polypropylene pool of 1 mL volume fixed on top of the device with a silicon rubber gasket (see Fig. S4 , SI). [20] Two neural cell lines were used in this work: human neuroblastoma SH-SY5Y and differentiation are given in the supporting information, following protocols previously described Refs. [20] , [35] and [36] . Samples were imaged with Nikon Eclipse 80i microscope equipped for fluorescence analysis. 
SUPPORTING INFORMATION MATERIALS AND METHODS
EGOS fabrication.
EGOS on Si/SiO2 substrates. The highly-doped (resistivity ∼10 is around 2600. Fabrication of EGOS onto these substrates followed the above-described protocol, with the exclusion of the channel silanization with OTS. Fig. S2 shows a picture of the fabricated EGOS on quartz substrate. 
